Adenosine diphosphate (ADP) plays a crucial role in hemostasis and thrombosis by activating platelets. In platelets, the classical P2T receptor is now resolved into three P2 receptor subtypes: the P2Y1, the P2Y12, and the P2X1 receptors. Both pharmacological and molecular biological approaches have confirmed the role of the P2Y1 and P2Y12 receptors in the ADP-induced platelet fibrinogen receptor activation. The P2Y1 and the P2X1 receptors independently contribute to platelet shape change. Whereas the P2Y12 receptor mediates the potentiation of dense granule release reaction, both the P2Y1 and P2Y12 receptors play an important role in the ADP-induced phospholipase A2 activation. The signaling events downstream of these receptors leading to the physiological effects remain elusive, and they are yet to be delineated.
INTRODUCTION
Platelets aggregate at the site of vascular damage to form a hemostatic plug. Abnormal activation of platelets leads to thrombosis, which in turn leads to stroke and myocardial infarction [1] . Adhesion of platelets to subendothelium results in the release, generation, or exposure of agonists that can activate platelets in a positive-feedback loop. Among these agonists are collagen (exposed), thrombin and thromboxane A 2 (generated), and ADP (adenosine diphosphate), epinephrine, and serotonin (released) [2] . ADP was identified as a platelet agonist [3] , which is released upon activation of platelets along with ATP (adenosine triphosphate) and serotonin [4] . The importance of ADP in platelet activation is substantiated by bleeding diathesis in patients with deficiencies in storage of ADP, in mechanisms of secretion, or in ADP receptors [5, 6, 7, 8, 9] .
NOMENCLATURE OF P2 RECEPTORS
Receptors for nucleotides, designated P2 receptors, are divided into two main classes: ligandgated ion channels (P2X) and G protein-coupled receptors (P2Y) [10] . Initially, all the physiological and intracellular signaling events triggered by ADP in platelets were attributed to a single cell surface receptor, designated P2T (thrombocyte P2 receptors) [11] . The historic studies and theories on the nature of the P2T receptor have been dealt in recent review articles [12, 13, 14] .
ADP RECEPTOR-COUPLED EFFECTOR SYSTEMS IN PLATELETS
ADP has several effects on the receptor-coupled effector systems in platelets:
• ADP regulates several second messenger systems in platelets by acting on cell surface P2 receptors [12, 13, 14, 15] .
• ADP causes rapid calcium influx into platelets in the presence of physiological extracellular calcium ion concentrations [16, 17] .
• ADP activates platelet phospholipase C (PLC), resulting in inositol 1,4,5-trisphosphate formation that leads to mobilization of calcium from intracellular stores [18, 19, 20 ].
• ADP inhibits stimulated platelet adenylyl cyclase through coupling to Gαi2 protein [21] and thereby decreases intracellular cAMP levels [22] .
• ADP also activates phospholipase A 2 (PLA 2 ) and liberates arachidonic acid from membrane phospholipids that is converted to thromboxane A 2 [23] .
PHYSIOLOGICAL EFFECTS OF ADP ON PLATELETS
Activation of platelets by ADP results in shape change when discoid-shaped resting cells are rapidly converted to spiculated spheres [24] , platelet aggregation, and granule secretion [4, 24] . ADP-induced dense granule release is abolished by aspirin treatment indicating that arachidonic acid products generated through cyclo-oxygenase pathway are essential for ADP ability to cause secretion [4, 23] . Several investigators reported that ADP causes release of alpha granule contents [12, 25, 26 ], but other laboratories have shown that ADP fails to expose P-selectin[27] or β-thromboglobulin[28] in aspirin-treated and washed platelets, indicating that this event may also require thromboxane A 2 generation.
A MODEL FOR ADP-INDUCED PLATELET ACTIVATION
Although P2T was thought to be the single ADP receptor mediating all the physiological and intracellular signaling events triggered by ADP in platelets [11] , we have resolved the P2T receptor into three P2 receptor subtypes. We used AR-C 66096, a potent antagonist of ADPinduced platelet aggregation, and α,β-meATP, a P2X1 receptor agonist, to distinguish the ADPinduced intracellular events [20] . AR-C 66096 failed to inhibit ADP-mediated intracellular calcium increases, inositol trisphosphate formation, or shape change, although it blocked ADPinduced inhibition of adenylyl cyclase. Unpublished reports from our laboratory and a recent study [37] have shown that P2Y12 receptor is antagonized by the AR-C series of compounds. Thus the concept of P2T receptor [11] is resolved into three P2 receptor subtypes, viz. P2Y1, P2Y12, and P2X1 receptors, each with distinct functions. Furthermore, several recent independent studies also support the three-receptor model by gene disruption approaches [33, 41, 42] .
LIGANDS OF PLATELET P2 RECEPTOR SUBTYPES
Selective agonists and antagonists can delineate the function of the platelet P2 receptor subtypes in platelets. α,β-MeATP was identified as a selective agonist on ligand gated P2X1 channels on platelets, leading to rapid influx of calcium [17, 20, 36] . Although ADP was believed to be an agonist at the P2X1 receptors, recent work from Mahout-Smith and co-workers has identified ATP, but not ADP, as the true agonist at the P2X1 receptors [43] . The cyclic pyridoxine-alpha-4,5-monophosphate (MRS 2219), was found to be a selective agonist at rat P2X1 receptors while the corresponding 6-azophenyl-2',5'-disulfonate derivative (MRS 2220) was a selective antagonist [44] . A number of adenosine bis-phosphates (viz., A3P5PS, A3P5P, A2P5P, MRS 2179) have been developed as the selective competitive antagonists of the P2Y1 receptor[35, 45, 46] , and these compounds have been shown to selectively act at the platelet P2Y1 receptor without any effect on P2Y12 receptors[36,37,38,40]. Hydrolysis-resistant derivatives of 2-substituted ATP (e.g., AR-C 66096 and AR-C69931MX) have been developed as a potent inhibitors of ADP-induced platelet aggregation [47] and have been shown to selectively antagonize the P2Y12 receptor subtype when used at limited concentrations [20, 36, 37, 48] . The thienopyridine derivatives, ticlopidine and clopidogrel, when administered in vivo, selectively abrogate ADP-induced inhibition of adenylyl cyclase and platelet aggregation [49, 50, 51] indicating that an active metabolite acts at the P2Y12 receptor but not at the P2Y1 receptor [38, 52, 53] . 2-Methylthio-AMP (2MeSAMP) is identified as a selective antagonist of the P2Y12 receptor [32, 40] . In addition, benzoyl ATP is a nonselective antagonist at both the P2Y1 and P2Y12 receptors [54] . Both the P2Y1 receptor and the P2Y12 receptor are activated by ADP and 2-methylthio-ADP (2MeSADP), although with different potencies [12, 13] . The P2Y1 receptor is the high affinity receptor for ADP, whereas 2MeSADP is at least 100-fold more potent at the P2Y12 receptor than at P2Y1 receptor [12, 37, 40] . The effects of these ligands on platelet P2 receptor subtypes are summarized in Table 1 .
ADP-INDUCED PLATELET SHAPE CHANGE
P2Y1 receptor selective antagonists[35] -A3P5PS, A3P5P, and A2P5P -inhibit ADP-or 2MeSADP-induced intracellular calcium mobilization and shape change in platelets [36] . The EC 50 for ADP at the cloned P2Y1 receptor is ~0.3 µM [55] , which is also the dose sufficient for platelet shape change [24] . Furthermore, ADP fails to cause shape change in platelets from mice lacking G q , indicating that signaling through G q is essential for ADP-induced shape change [56] . All the agents that cause platelet shape change, such as thrombin, thromboxane, and serotonin, also activate PLC [2] . Hence, PLC activation is the essential step in platelet shape change. Thus the P2Y1 receptor solely mediates ADP-induced platelet shape change through coupling to G q and subsequent activation of PLC. When intracellular calcium increases were blunted in platelets using an intracellular calcium chelator, however, ADP still caused shape change [57] . This calcium-insensitive shape change was blocked by selective inhibitors of p160ROCK, a Rho kinase downstream of RhoA [57] . P2Y1 receptor stimulation leads to activation of RhoA-Rho kinase pathway and PLC pathway, which independently contributes to platelet shape change. The signal transduction events downstream of the P2Y1 receptor contributing to ADP-induced platelet shape change have been recently discussed [57, 58, 59] .
AR-C 66096, a selective antagonist of the P2Y12 receptor, did not inhibit ADP-induced shape change [20] , indicating that the P2Y12 receptor does not play any significant role in shape change induced by ADP.
Although it was long believed that the P2X1 receptor does not contribute to platelet shape change, recent reports demonstrate that P2X1-evoked calcium influx not only potentiates P2Y1-mediated calcium responses [60] , but also independently causes platelet shape change [61] (Fig. 1) .
ADP-INDUCED PLATELET AGGREGATION
The P2Y12 receptor is essential for ADP-induced platelet aggregation. A significant correlation was found between antagonist affinity constant values for eight nucleotide analogs as blockers of ADP-induced aggregation and adenylyl cyclase inhibition [62] . Selective antagonists of the P2Y12 receptor -ATP, AR-C 66096, and 2MeSAMP -block both ADP-induced adenylyl cyclase inhibition [20, 32, 63] and platelet fibrinogen receptor activation [47, 63] . In vivo administration of ticlopidine and clopidogrel results in complete inhibition of both ADP-induced inhibition of adenylyl cyclase and aggregation [51] . Two patients with defective ADP-induced platelet adenylyl cyclase inhibition also had abnormal aggregation suggesting that the receptor coupled to inhibition of adenylyl cyclase is essential for platelet aggregation [8, 9] . Finally, the platelets from mice deficient in the P2Y12 receptor do not aggregate upon treatment with ADP [42] . Hence the P2Y12 receptor activation is required for ADP-induced platelet aggregation. The P2Y1 receptor selective antagonists -A3P5PS, A3P5P, and A2P5P -also inhibit ADP-induced human [64] and mouse [65] platelet aggregation without blocking ADP-induced inhibition of adenylyl cyclase. Platelets from mice lacking the P2Y1 receptor or Gα q failed to mobilize calcium from intracellular stores, change shape, or aggregate in response to ADP[33, 41, 56] . Hence, intracellular signaling events from both the P2Y12 and P2Y1 receptors are essential for ADP-induced platelet aggregation. Inhibition of signaling through either receptor, by specific antagonists or receptor knock-outs, is sufficient to block ADP-induced platelet fibrinogen receptor activation. The P2Y1 receptor presumably couples to G q and causes intracellular calcium mobilization through the inositol trisphosphate pathway. In the presence of AR-C 66096, signaling through the P2Y12 receptor can be substituted by epinephrine acting on α 2A adrenergic receptors, coupled to G z [64, 66] . On the other hand, activation of serotonin receptors can replace signaling through the P2Y1 receptor in human [64] , rabbit [67] , or mouse [41] platelets through activation of G q . Moreover, this novel mechanism of ADP-induced platelet aggregation can be mimicked by coactivation of two receptors coupled to G i and G q , α 2A adrenergic receptors and serotonin receptors, respectively [64] .
Interestingly, thromboxane A 2 -or plasmin-induced platelet aggregation depends on costimulation of G i pathways by the secreted ADP through the P2Y12 receptor [68, 69] . Thus, ADP-induced platelet aggregation results from concomitant signaling from both the P2Y12 and P2Y1 receptors (Fig. 1 ), a novel mechanism by which G protein-coupled receptors elicit a physiological response [64] .
P2X1 receptor activation causes rapid calcium influx in the presence of extracellular calcium, but this event does not cause platelet aggregation or modulate ADP-induced platelet aggregation [64, 70] . Furthermore, selective coactivation of the P2X1 receptors and either the P2Y12 or P2Y1 receptors also does not cause platelet aggregation [64] , although P2X1 receptor potentiates P2Y1 receptor-mediated intracellular calcium increases [60] . Thus the P2X1 receptormediated rapid calcium influx causes platelet shape change, but it does not play any significant role in ADP-induced platelet aggregation.
These studies point to pitfalls in using receptor antagonists to delineate the role of the receptor in physiological function. The studies on ADP-induced platelet aggregation suggest that some agonist-induced physiological responses may require simultaneous activation of multiple receptor subtypes by the same agonist, resulting in converging signal transduction pathways leading to a physiological response. Thus, the role of another receptor subtype in an agonistinduced physiological event cannot be excluded in the studies with receptor specific antagonists.
ADP-INDUCED THROMBOXANE A2 GENERATION
ADP-induced dense granule release depends on generation of thromboxane A 2 , which causes release reaction by activating TP receptors. AR-C67085, a P2Y12 receptor selective antagonist, and A2P5P, a P2Y1 receptor selective antagonist, inhibited ADP-induced phospholipase A 2 activation and thromboxane A 2 generation, indicating that coactivation of the P2Y12 and P2Y1 receptors is essential for these events [71] . ADP does not cause thromboxane A 2 production in unstirred suspensions of platelets[28], which do not aggregate. It was argued that close cell-cell contact mediated by fibrinogen cross-linking is essential for ADP-induced thromboxane A 2 production. Snake venom-derived proteins applaggin, echistatin, and trigramin, which block fibrinogen binding to its receptor, have been shown to block ADP-induced platelet aggregation and thromboxane production [29, 30] . SC49992, a fibrinogen receptor antagonist, also blocked ADP-induced platelet aggregation, phospholipase A 2 activation, and thromboxane A 2 production [71] . Whereas SC49992 blocked arachidonic acid-induced platelet aggregation, it failed to inhibit conversion of arachidonic acid to thromboxane A 2 . Hence, ADP-induced arachidonic acid liberation, but not subsequent conversion to thromboxane A 2 , requires outside-in signaling through the fibrinogen receptor. Induction of aggregation by the Fab fragment of LIBS6 antibody, which induces a fibrinogen-binding site on the integrin αIIbβ3, caused thromboxane A 2 generation [71] .
In the presence of P2 receptor antagonists A2P5P or AR-C67085, however, LIBS6 failed to generate thromboxane A 2 , suggesting that inside-out signaling through ADP receptors is also necessary for phospholipase A 2 activation [71] . Thus, inside-out signaling from both the P2Y1 and P2Y12 receptors is essential for phospholipase A 2 activation, resulting in arachidonic acid liberation and thromboxane A 2 generation (Fig. 1) .
DENSE GRANULE RELEASE REACTION
Given that thromboxane A 2 generated by ADP mediates dense granule release, what is the contribution of these P2 receptor subtypes to dense granule release? Platelet secretion induced by the thromboxane A 2 mimetic U46619 was unaffected by A3P5P, but P2Y12 receptor antagonists (such as AR-C66096 and AR-C69931-MX) inhibited U46619-induced platelet secretion, indicating an important role for G i signaling in platelet secretion [72, 73] . Similarly, dense granule release reaction was abnormal in platelets from patients defective in the P2Y12 receptor [74] . Selective activation of either the P2Y12 receptor or the α 2A adrenergic receptor did not cause platelet secretion, but it potentiated U46619-induced platelet secretion [72] .
Since G i signaling results in reduction of basal cAMP levels through inhibition of adenylyl cyclase, we investigated whether this signaling event potentiates platelet secretion. SQ22536 or dideoxyadenosine, inhibitors of adenylyl cyclase, failed to potentiate U46619-induced primary platelet secretion, which indicated that reduction in cAMP levels does not directly contribute to platelet secretion [72] . Thus signaling through the P2Y12 receptor by secreted ADP causes positive feedback on platelet secretion (Fig. 1) . Furthermore, some patients with the common, illdefined diagnosis of primary secretion defect could actually be heterozygous for the P2Y12 receptor defect [74] .
CONCLUSIONS AND FUTURE DIRECTIONS
Molecular mechanisms of ADP-induced platelet activation are becoming clear only now. First the resolution of the concept of P2T receptor into three components -P2Y1, P2Y12, and P2X1 receptors -helped to explain the intracellular and physiological effects of ADP on platelets. The interaction of signaling events downstream of the P2Y1 and P2Y12 receptors is a novel mechanism of physiological response and may indeed be a general mechanism of αIIbβ3 integrin activation by all physiological agonists. We speculate that the integrin activation on other cells also requires similar signaling mechanisms and this aspect remains to be established. Interestingly, mouse platelets deficient in the P2Y1 receptor can undergo partial aggregation with high concentrations of ADP [41] . The implications for this observation can range from a fourth P2 receptor subtype on platelets to the P2Y12 receptor coupling to other G proteins. The signaling mechanisms and cascades mediated by these three P2 receptor subtypes will provide a better understanding of ADP-mediated physiological responses in platelets and, generally, the molecular mechanisms of agonist-induced platelet activation. Takasaki, J., Kamohara, M., Saito, T., Matsumoto, M., Matsumoto, S., Ohishi, T., Soga, T., Matsushime, H., and Furuichi, K. 
